The luminescence dating of the K-feldspar fraction is an alternative way for samples that cannot yield reasonable equivalent dose (D e ) from quartz fraction with very weak luminescence signal. For testing the reliability of the infrared stimulated luminescence (IRSL) dating of K-feldspar, luminescence dating was applied to quartz and K-feldspar fractions respectively for several Holocene samples in this study. K-feldspar apparent ages using routine single aliquot regenerative-dose (SAR) protocol, K-feldspar ages using g value correction method and ages from isochron dating method were compared with quartz ages. It is found that the g value correction method cannot give reliable ages due to the large errors induced during measurements. The isochron dating method is effective to the sample with problematically external dose rate. However, isochron dating may introduce a relatively greater error during grain sizes -D e curve fitting, therefore this method could obtain lowresolution ages for Holocene samples. Even K-feldspar apparent age from routine SAR protocol is relatively younger by about 10% than the quartz age, it still could establish reasonable chronological framework for Holocene samples.
INTRODUCTION
Since Huntley et al. (1985) presented Optical Stimulated Luminescence (OSL) dating and Hütt et al. (1988) presented Infrared Stimulated Luminescence (IRSL) dating for sediments, OSL and IRSL dating have been widely applied to determine the age of Quaternary deposit events (Aitken, 1998) . OSL dating was widely applied to aeolian deposit like loess and aeolian sand (Lai, 2010; Murray and Olley, 2002; Sun et al., 1998 Sun et al., , 2006 Telfer and Thomas, 2007) . It was also successfully applied for hydraulic deposit events such as alluvial deposit, colluvium, lakeshore sediment and lacustrine sediment (Berger and Doran, 2001; Eriksson et al., 2000; Lang et al., 1999, Lang and Zolitschka, 2001; Stone et al., 2010) . In particular, OSL dating can derive reliable chronology evidence when it is hardly to get available material for 14 C dating because OSL dating measures the sediments directly (Argyilan et al., 2005; Cupper, 2006) . Single aliquot regenerative-dose (SAR) protocol can greatly improve equivalent dose (D e ) measurement accuracy (Wintle and Murray, 2006) . The SAR protocols have been established successfully for both quartz (Murray and Wintle, 2000) and potassium rich feldspar (K-feldspar) (Wallinga et al., 2000a, b) separations.
K-feldspar grains can emit luminescence signals when they are stimulated by infrared at wavelengths around 800-900 nm (Bøtter-Jensen et al., 2003) , which is termed as IRSL. There are three advantages for IRSL dating from K-feldspar compared with OSL dating from Quartz. Firstly, The IRSL signals from K-feldspar are much brighter than the OSL signal from quartz. It enables high precision of luminescence measurements in laboratory. This leads to high reproducibility for the natural dose measurements (Li et al., 2007a) . Secondly, D e values determined from quartz grains can be very scattered for some samples (Zhang et al., 2003) . For young samples, the random error from D e determination can be comparable to the age of the sample and thus the interpretation of the ages is difficult. Meanwhile, K-feldspar grains from the same samples give high luminescence intensity and relatively homogenous D e values (Li et al., 2007b) . Thirdly, IRSL signal from K-feldspar grains has much higher saturation doses than OSL signal from quartz. It gives potential to date relatively much older sediments than quartz (Kars et al., 2008) . On the other hand, the main disadvantage of IRSL dating using K-feldspars is anomalous fading of the IRSL signals, which can leads to age underestimation (Auclair et al., 2003; Huntley and Lamothe, 2001; Huntley and Lian, 2006; Spooner, 1992 Spooner, , 1994 . Anomalous fading rate (g value) correction method and isochron dating method were presented to calibrate the K-feldspar age underestimation.
The g value correction method (Auclair et al., 2003; Huntley and Lamothe, 2001 ) for K-feldspar is a laboratory process which measures the percentage of IRSL signal decay after storage of varying periods following the same laboratory dose irradiation. The method gives a g value in terms of % loss of signal per decade (Aitken, 1985) . Usage of this g value allows to calibrate the age underestimation induced by IRSL anomalous fading during SAR protocol.
Isochron dating (IRSL) method for K-feldspar is a protocol that measures D e of different grain sizes of this mineral (Li et al., 2008a) . The internal dose rate produced by 40 K and 87 Rb in the crystal lattice of grains is related to the grain size, which allows the utilisation of an isochron to obtain the relationship between the internal dose rate and the produced D e , and the corresponding age. As the isochron dating method is totally reliant on the internal dose rate, it could overcome problems related to changes in past external doses rate due to post-depositional environmental changes (Li et al., 2008a) . This method can also overcome the problem of the anomalous fading of the IRSL signals.
The OSL signal intensity of quartz fraction from some Holocene samples was very low. Some OSL signals were so weak that it was hardly possible to obtain a reliable D e . A discussion of the use of K-feldspar separation to establishing a dating framework of Holocene samples will be meaningful. This study compares the ages obtained by Kfeldspar routine SAR method, g value correction method and isochron dating method with the quartz SAR method for several Holocene samples, and then discusses the reliability and shortcomings of these methods.
SAMPLING AND MEASUREMENT

Sampling process
All studied samples were collected from the aeolianlacustrine deposit sequence in Ulan Buh Desert where is located in the northeastern Alxa Plateau, Inner Mongolia, China (Fig. 1) . To examine the reliability of the dating results, two almost parallel sections QJD-1 and QJD-1* were investigated (Fig. 2) . The sediments of these two sections have the same depositional sequence. Therefore, the dating results of section QJD-1 should be consistent with QJD-1* for the same stratum (Zhao et al., under preparation) . From section QJD-1, samples QJD-1-6, QJD-1-26 and QJD-1-50 were collected from aeolian sand and sample QJD-1-32 from lacustrine silty clay. For comparison, four samples were also collected from the same stratigraphic layers of QJD-1* (Fig. 2) . All Samples were obtained by hammering iron tubes of 4 cm diameter into the cleaned vertical sections, and then be sealed inside black plastic bags.
Laboratory treatment
In the laboratory, the potentially light-exposed portions at both ends of the tubes were removed. All laboratory processes of sample preparation and luminescence measurement were carried out in subdued red light. All raw samples were treated with 10% HCl and 20% H 2 O 2 to remove carbonate and organic matter. The samples were then sieved in water to select the grain size in the size ranges of 63-90 µm, 90-125 µm, 125-150 µm, 150-180 µm, 180-212 µm and 212-250 µm. Heavy liquids of densities 2.62 and 2.75 g/cm 3 separated the grain fraction to obtain quartz and feldspar. After drying, K-feldspar was obtained from the floating part of feldspar fraction separated by heavy liquids of densities 2.58g/cm 3 . The quartz grains were treated with 40% HF for 60 min to remove the outer layer irradiated by alpha particles and remaining feldspars. The K-feldspar grains were treated with 10% HF for 40 min to remove the outer layer irradiated by alpha particles. The grains were then treated with 1 mol/l HCl for 10 min to remove fluorides created during the HF etching. K-feldspar fractions for grain size at intervals of 63-90 µm, 90-125 µm, 125-150 µm, 150-180 µm, 180-212 µm and 212-250 µm were obtained. Pure quartz fractions for grain size in the size of 90-125 µm and 125-150 µm were finally acquired.
The OSL measurements were carried out in the Luminescence Laboratory of the Cold and Arid Environment and Engineering Research Institute, CAS, using an automated Risø TL/OSL-DA-15 reader (Markey et al., 1997) . The OSL signal was detected through two 3 mm thick Hoya U-340 filters. Laboratory irradiation was carried out using 90 Sr/ 90 Y sources mounted within the reader, with dose rates of 0.104 Gy/s.
The environmental dose rate is created by the radioactive elements existing in grains of the sample and the surrounding sediments, with a small contribution from cosmic rays. For all the samples measured, U, Th concentrations and K contents were determined by means of Neutron Activation Analysis (NAA). All measurements were converted to alpha, beta and gamma dose rates according to the conversion factors of Aitken (1985) . The dose rate from cosmic rays was calculated based on sample burial depth and the altitude of the section (Prescott and Hutton, 1994) . The internal dose rate of K-feldspar was calculated with K content of 13±1% (Zhao and Li, 2005; Li et al., 2010) . Water content changed drastically after burial for these samples because they were collected from lacustrine sediments in arid area. Since the uncertainty in the mean water content during the sediment burial period, water content of 5±2.5% and 10±5% were introduced in age calculation for eolian sand and lacustrine sediment respectively.
Quartz measurements
Because the optical signal from feldspar is very bright and can suffer from anomalous fading, a small amount of feldspar contamination will greatly affect D e values from quartz fractions. In order to eliminate the influence from feldspar, the post-IR blue OSL signal was used (Banerjee et al., 2001 ) and the post-IR single aliquot regenerative dose protocol was used to obtain D e values from quartz extracts (Zhang and Zhou, 2007) . The post-IR SAR protocol was applied to quartz extracts in this study is shown in Table 1 .
K-feldspar measurements
The D e for K-feldspar extracts of all samples were measured using a SAR protocol proposed by Wallinga et al. (2000a) . A preheat plateau test was conducted and it is indicated there is no dependence of D e on preheat temperature. The results of the dose recovery test also suggest that the protocol in Table 1 is appropriate for our samples.
For calculating the g value, the single aliquot measurement procedure proposed by Auclair et al. (2003) was used. The procedure involves measurements of the sensitivity corrected IRSL signal (L i /T i ) after different delay times between irradiation and measurement. Four Kfeldspar aliquots from each sample were measured. Every sample was bleached by IR and then given a dose of 15.6 Gy prior to fading measurements, where L i is the response to a laboratory dose of 15.6 Gy and T i is the response to a test dose of 5.2 Gy, given after the measurement of L i . Immediately after each irradiation the aliquots were preheated (250°C for 60 s). The measurements of L i and T i were made at 50°C with IR stimulation for 80 s. The first measurement took place at a time t c , fixed as 413.5 s after the mid-point of the irradiation time with a delay of 196s between preheat and measurement. The details of the protocols are demonstrated in Table 1 .
During isochron dating process, at least 4 grain size fractions of K-feldspar extracts were used for every sample according to isochron dating method (Li et al., 2008a) . The D e for each grain size fraction of K-feldspar was measured using the SAR protocol proposed by Wallinga et al. (2000a) . It seems that the more grain size fractions used in isochron dating process the higher the precision of the obtained isochron dating results. Six grain size fractions were obtained for samples QJD-1-32 and QJD-1-26. These fractions were used to investigate the precision of the isochron dating method.
RESULTS
Ages of Quartz
QJD-1-26 and QJD-1-50 are well-bleached aeolian sand that detected by the correlationship of the D e values with the sensitive corrected natural OSL signals (Zhang, et al. 2003) . The ages of their quartz extracts are 7.06±0.37 ka and 8.09±0.44 ka, respectively. QJD-1-32 is also well-bleached lacustrine silty clay with quartz age of 7.81±0.61 ka (Fig. 2) . At the same time, the quartz ages for sample QJD-1-26, QJD-1-32 and QJD-1-50 are highly consistent with independence quartz ages of correspond- ing layer of the parallel section QJD-1* (Fig. 2) . Therefore, the quartz ages for sample QJD-1-26, QJD-1-32 and QJD-1-50 are reliable and will be used to compare with the ages from K-feldspar extracts.
QJD-1-6 is blue-gray aeolian sand overlying lacustrine deposit, collected at the depth of 6-10 cm below the section surface. The true dose rate of it is 95% of the calculated dose rate according to the air-sediment boundary effect of the external γ dose rate (Aitken, 1985) . The quartz age of QJD-1-6 is 8.65±0.40 ka, it is reversed to other dating results of section QJD-1 and do not consist with the age (6.43±0.50 ka) of the same stratum on QJD-1*. QJD-1-6 is a well-bleached sample when checking the correlationship of its De values with the sensitive corrected natural OSL signals. This quartz age is not reliable because of the dose rate problem of the waterlain sample (Li, et al., 2008b) .
Apparent age of K-feldspar
Apparent ages of K-feldspar for sample QJD-1-6, QJD-1-26, QJD-1-32 and QJD-1-50 using the routine SAR method are shown in Fig. 2 . The K-feldspar apparent age of 6.52±0.57 ka was obtained for the sample QJD-1-6. This result is identical with the same stratum age (6.43±0.50 ka) on section QJD-1*, which is more reliable than the quartz age. The K-feldspar apparent ages of QJD-1-26, QJD-1-32 and QJD-1-50 are 6.42±0.47 ka, 7.64±0.57 ka and 7.62±0.64 ka, respectively, which are smaller than their quartz ages of 7.06±0.37 ka, 7.81±0.61 ka and 8.09±0.44 ka, respectively, due to the anomalous fading of IRSL signals. Anomalous fading led to underestimation of the K-feldspar apparent ages by about 2-9%. Nevertheless, K-feldspar apparent ages using the routine SAR method still enabled establishing the age of the sequence to identify the Holocene deposition event.
g value correction age of K-feldspar
Laboratory measurement process is shown in Table 1 and the g values were obtained for the studied four samples ( Table 2 ). The g value corrected ages of 8.32±0.58 ka, 8.81±0.54 ka and 9.28±0.79 ka for sample QJD-1-26, QJD-1-32 and QJD-1-50 were obtained. They are about 12-20% older than their quartz ages of 7.06±0.37 ka, 7.81±0.61 ka and 8.09±0.44 ka, respectively (Fig. 2) .
When we measured the g value using the SAR protocol presented by Auclair et al. (2003) , L i /T i values for some aliquots did not decrease monotonously with increasing delay time between irradiation and measurement. Fig. 3 shows measurement results of four aliquots of K-feldspar extracts for sample QJD-1-32. L i /T i values of two aliquots decrease monotonously with increasing delay time (log) between irradiation and measurement; L i /T i values of the other two aliquots appeared abnormal, this kind of abnormal decrease induces a large error in the g value calculation. The reason for this is that the IRSL signal decrease with delay time was too small to detect on the laboratory time scale for young samples from the Holocene section. Even the aliquots which L i /T i decreased monotonously with delay time (log) were selected to calculate g values, the error induced during the g value calculation is still so large that the calibrated Li et al. (2008a) . (b) Relative deviation for K-feldspar apparent age to quartz age calculated using 13±1% of the K content (Zhao and Li, 2005; Li et al., 2010) and 400±100 ppm of Rb concentration (Readhead, 2002 K-feldspar ages make a big difference to quartz ages.
Isochron dating of K-feldspar
D e generated by internal dose rate and external dose rate (D f (s)) (F in Fig. 4 ) is related to internal dose rate for the specified grain size (s), as well as D e generated by external dose rate (D Fex (s)) (F ex in Fig. 4) . The age t is the slope difference between the trend line F and the trend line of estimated F ex (Li et al., 2008b) .
The internal dose rates for different grain size fractions of K-feldspar samples were calculated ( Table 3) .
where Φ K (s) and Φ Rb (s) are beta absorption coefficients for K and Rb related to grain size (s) (Fain et al., 1999; Readhead, 2002 ). ex (s) for different grain sizes (s) were also calculated using the typical values (K=1.5%, U=3 mg/g, Th=10 mg/g, no radon loss, water content =10% and cosmic ray dose rate = 0.2 Gy/ka) (Li et al., 2008b) . Then the isochron dating process only needed the measurement Summary of the data set for constructing the isochron plot are shown in Table 3 . Ages of all samples by isochron dating method are shown in Fig. 4 . The isochron age is 6.7±1.2 ka for sample QJD-1-6, which has a problematic quartz age. This result is identical with the independent quartz age of same stratum (6.43±0.50 ka) in section QJD-1*. On the other hand, Sample QJD-1-26, QJD-1-32 and QJD-1-50 have isochron ages as 7.7±2.2, 8.3±0.9 ka and 8.3±1.2 ka, respectively. They are consisting with the corresponding quartz ages but with low precision.
DISCUSSION g value corrected age
For the Holocene samples of QJD-1-6, QJD-1-26, QJD-1-32 and QJD-1-50, using laboratory measured g values, K-feldspar correction ages are 12-20% larger in comparison with the independence reliable quartz ages. It indicates that g value correction method cannot obtain reliable ages for Holocene samples. Wallinga et al. (2001) using g value correct samples of 13-300 ka and found that calibrated ages of K-feldspar are younger than quartz ages. Li et al. (2008a) using the methods of Auclair et al. (2003) measurement of g value modify Kfeldspar apparent ages for 10 samples of 11-130 ka. It is found that only two calibration ages have good consistency with quartz ages and the relative deviation values compared to quartz ages are less than 10%, while relative deviation values for the other 8 K-feldspar calibration ages are 15-40% ( Table 2) . Using the g value to correct the K-feldspar apparent age could not lead to obtaining accurate K-feldspar IRSL ages for Holocene samples. The reason for this is that IRSL signal decay of young samples is small in the laboratory time scale compared with old samples.
Isochron dating age
Isochron dating method can be applied to water lain samples like QJD-1-6 with external dose rate problem. However, the precision of isochron dating ages for sample QJD-1-26, QJD-1-32 and QJD-1-50 are low. Because the D e changes for different grain-sizes are so small that laboratory measurement error may cover the D e value changes with grain size. As shown in Table 3 , the D e values of sample QJD-1-26 do not increase monotonically with grain size. From Fig. 4 (s) . Isochron dating method can be used to establish a low-resolution framework for the Holocene section. Six grain size fractions of 63-90 µm, 90-125 µm, 125-150 µm, 150-180 µm, 180-212 µm and 212-250 µm were separated from sample QJD-1-32. In Fig. 5 , Isochron age of this sample was calculated with 6 and 4 grain size fractions respectively. When all 6 grain size fractions were used, isochron IRSL age of 6.9±1.7 ka were obtained. It is 12% smaller than its quartz age of 7.81±0.61 ka. On the other hand, when 4 grain size fractions of 125-150 µm, 150-180 µm, 180-212 µm and 212-250 µm were used in calculating isochron age, the age of 8.3±0.9 ka was then obtained with a 6% difference with its quartz age. There could not obtain reliable isochron age using all 6 grain size fractions mainly due to the abnormal D e values of 90-125 µm fraction (Fig. 5) . If the grain size 90-125 µm fraction was used in routine OSL dating, the apparent age of 8.69 ka will be obtained which overestimates the age by about 11%. It suggests that large error of one grain size D e would result in significant impact on the isochron IRSL age calculation.
Relative deviation comparison
The relative deviation values for K-feldspar apparent age, g value correction age and isochron IRSL age to their independent quartz age are shown in Table 2 . The relative deviation values of K-feldspar apparent ages for sample QJD-1-6, QJD-1-26, QJD-1-32, QJD-1-50, D4, Dgw3, Dgw5, Sm1 and Sm2 are between 2-9%. These results do not consider the internal dose rate from Rb concentration as in the routine K-feldspar dating. The relative deviation values will increase when internal dose rate calculated using 13±1% of the K content (Zhao and Li, 2005; Li et al., 2010) and 400±100 ppm of Rb concentration (Readhead, 2002) , but they are still 10% younger than quartz ages. The relative deviation values of K-feldspar g value correction ages for these samples are between 12 and 40%. The relative deviation of isochron ages to quartz ages for sample QJD-1-26, QJD-1-32, QJD-1-50, D4, Dgw5 and Sm2 are less than 10%, while the relative deviation for sample Sm1 is about 20%.
It is indicated that for Holocene samples, the Kfeldspar apparent ages are most close to quartz ages. Anomalous fading caused luminescence signal decay for Holocene sample is within systematic errors of laboratory measurement. Li et al. (2007b) consider that K-feldspar has advantages over quartz for the dating of very young samples. Although K-feldspar may suffer from anomalous fading, its effect may be negligible for samples younger than 100 years. K-feldspar apparent ages can be used to distinguish deposition events and establish a relatively reliable chronological framework for Holocene sections (see Fig. 2) . When OSL signals from quartz fractions are too weak to obtain a reliable age for some Holocene samples, K-feldspar apparent age from routine SAR protocol could be used to establish age framework even though it is relative younger no more 10% than independent age.
CONCLUSION
IRSL ages obtained by routine SAR protocol, g value correction method and isochron dating method were compared with reliable independent quartz age. g value correction method cannot obtain reliable ages for Holocene samples in this study due to the large errors induced during g values measurements.
Isochron dating method is effective to the sample with problematic external dose rate and could overcome the anomalous fading of the IRSL signal. However, Isochron dating may introduce relatively larger error during internal dose rate -D e curve fitting; therefore this method could obtain low precision ages for Holocene samples.
K-feldspar apparent age from SAR protocol could be used to establish age framework even though it is a little bit younger than quartz age. 
